Osteonecrosis of the femoral head (ONFH), the pathogenesis of which remains unclear, has been observed in autoimmune disease patients treated with corticosteroids. Recently, it has been shown that anti-tripartite motif-containing 21 (TRIM21) autoantibodies, which are often present in patients with systemic lupus erythematosis and Sjö gren's syndrome, inhibit the E3 ligase activity of TRIM21. TRIM21 negatively regulates nuclear factor-kB (NF-kB) and interferon regulatory factors (IRFs) 3 and 7, three downstream transcription factors, via toll-like receptor 4 signaling. The aim of this study was to clarify the role of TRIM21 in the pathogenesis of ONFH using an animal model. Male Wistar rats were injected with lipopolysaccharide (LPS) twice and with methylprednisolone (MPSL) or saline three times. N-acetyl cysteine (NAC) was administered either concurrently with MPSL or once daily for the 3 days following the last MPSL injection. The incidence of ONFH in the MPSL group was 23.5%. Co-treatment of NAC and MPSL increased the incidence of ONFH to 55.6%. MPSL treatment decreased the activity of NF-kB in the liver and significantly increased the activity of both IRF3 and IRF7. No significant differences were observed in the activity of any of these three transcription factors between the MPSL and the co-treatment groups. In the femoral head, co-treatment with NAC and MPSL significantly decreased the expression of TRIM21 at 3 h and significantly increased the expression of interferon (IFN)-a at 24 h when compared with the MPSL group. IFN-a is known to induce cell death. These findings suggest that the suppression of TRIM21 in the femoral head causes an accumulation of IFN-a, which in turn leads to the development of ONFH. In conclusion, the suppression of TRIM21 resulting from altered NF-kB and IRF homeostasis accelerates the ONFH in rats treated with corticosteroids following LPS administration.
Osteonecrosis of the femoral head (ONFH), the pathogenesis of which remains unclear, has been observed in autoimmune disease patients treated with corticosteroids. Recently, it has been shown that anti-tripartite motif-containing 21 (TRIM21) autoantibodies, which are often present in patients with systemic lupus erythematosis and Sjö gren's syndrome, inhibit the E3 ligase activity of TRIM21. TRIM21 negatively regulates nuclear factor-kB (NF-kB) and interferon regulatory factors (IRFs) 3 and 7, three downstream transcription factors, via toll-like receptor 4 signaling. The aim of this study was to clarify the role of TRIM21 in the pathogenesis of ONFH using an animal model. Male Wistar rats were injected with lipopolysaccharide (LPS) twice and with methylprednisolone (MPSL) or saline three times. N-acetyl cysteine (NAC) was administered either concurrently with MPSL or once daily for the 3 days following the last MPSL injection. The incidence of ONFH in the MPSL group was 23.5%. Co-treatment of NAC and MPSL increased the incidence of ONFH to 55.6%. MPSL treatment decreased the activity of NF-kB in the liver and significantly increased the activity of both IRF3 and IRF7. No significant differences were observed in the activity of any of these three transcription factors between the MPSL and the co-treatment groups. In the femoral head, co-treatment with NAC and MPSL significantly decreased the expression of TRIM21 at 3 h and significantly increased the expression of interferon (IFN)-a at 24 h when compared with the MPSL group. IFN-a is known to induce cell death. These findings suggest that the suppression of TRIM21 in the femoral head causes an accumulation of IFN-a, which in turn leads to the development of ONFH. In conclusion, the suppression of TRIM21 resulting from altered NF-kB and IRF homeostasis accelerates the ONFH in rats treated with corticosteroids following LPS administration. Osteonecrosis of the femoral head (ONFH) often leads to a progressive collapse of the femoral head followed by degenerative arthritis of the hip joint, which results in decreased quality of life for patients. Non-traumatic ONFH has been observed after corticosteroid therapy in middle-aged patients with autoimmune diseases, such as systemic lupus erythematosis (SLE). 1,2 However, the pathogenesis of ONFH remains unclear, and there are no known preventative treatments for ONFH.
Recent studies have suggested that the innate immune system may be associated with the pathogenesis of autoimmune diseases. The translocation of toll-like receptor 7 (TLR7) has been shown to accelerate systemic autoimmunity, 3 and the deletion of TLR7 is known to decrease serum levels of IgG and to prevent lymphocyte activation in the lymph node and spleen in a murine model of SLE. 4 Therefore, it has been hypothesized that the innate immune system may contribute to the pathogenesis of autoimmune diseases, especially SLE. In patients with SLE, circulating interferon (IFN)-a levels are frequently elevated. 5 Lipopolysaccharide (LPS) has been shown to exacerbate disease symptoms in a murine model of SLE. 6 Anti-tripartite motifcontaining 21 (TRIM21; also known as Ro52) autoantibodies have often been observed in patients with SLE and Sjögren's syndrome 7, 8 and are known to inhibit the E3 ligase activity of TRIM21.
9 TRIM21 inhibits the activation of nuclear factorkB (NF-kB), a downstream transcription factor, via TLR4 and TLR7 signaling. 10 In addition, TRIM21 negatively regulates downstream transcription factors, that is, IFN regulatory factors (IRFs) 3 and 7, via promoting the ubiquitinproteasome-mediated degradation of IRF3 and IRF7, which limits IFN-a production. 11 In contrast, corticosteroid treatment is known to induce steatosis of the liver and bone marrow. Recently, the IFN-inducible antiviral protein, Viperin, has been shown to promote TLR7-and TLR9-mediated production of type I IFN by plasmacytoid dendritic cells (pDCs). 12 Therefore, we hypothesized that corticosteroid treatment inhibits NF-kB but does not inhibit IFN-a release via IRF7, resulting in an imbalance between NF-kB and IRF activation, which causes ONFH. Especially, accumulating NF-kB inhibition under corticosteroid treatment, that is, co-treatment of an antioxidant may cause osteonecrosis.
In this study, we examined ONFH in the rat following treatment with corticosteroids following LPS injections and found that co-treatment with N-acetyl cysteine (NAC), an antioxidant, and corticosteroids resulted in increased osteonecrosis. We then examined the changes in NF-kB, IRF3, and IRF7 activation and the changes in the expression of TRIM21, IFN-a, and CD45R in the femoral head after treatment.
MATERIALS AND METHODS Animals
All experiments were performed in accordance with the guidelines of the Ministry of Sports, Culture, Science and Technology of Japan. All procedures were approved by the Animal Experimental Committee of the Sapporo Medical University (Approval No. 09-008). Male Wistar rats (10 weeks old) were obtained from the Sankyo Lab Service (Sapporo, Japan), housed in a temperature-and humiditycontrolled room with unlimited access to food and water and maintained on a 12-h light/dark cycle.
Experimental Protocols
The animals were administered 2 mg/kg LPS (from Escherichia coli serotype 055: B5; Sigma-Aldrich, LLC, St Louis, MO, USA) intravenously two times. Twenty mg/kg methylprednisolone (MPSL) or saline was administered intramuscularly three times at 24-h intervals after the last LPS injection (the saline or MPSL group, respectively). 13 In all, 100 mg/kg NAC was administered intraperitoneally three times, either concurrently with each MPSL injection (the MPSL þ NAC group) or once daily on the 3 days following the last MPSL injection (the NAC after MPSL group). The femur, liver, and spleen were harvested, and blood was collected from the inferior vena cava at various time points after the last MPSL treatment (ie, 3 h, 12 h, 24 h, 1 week, and 2 weeks). Blood was centrifuged immediately, and the supernatant was stored as platelet-rich plasma at À84 1C until further analysis.
Fractionation of Nuclear Extracts
Nuclear proteins in the liver and spleen were fractionated as described previously.
14 In all, 500 mg liver samples or 100 mg spleen samples were homogenized on ice in 2.5 ml TKM buffer (50 mM Tris-HCl, pH 7.5, 25 mM KCl, 0.32 M sucrose, 5 mM MgCl 2 , 1 mM DTT, 1 mM PMSF, and 1 mM Na 3 VO 4 ). The homogenate was centrifuged at 600 Â g for 10 min. The pellet was resuspended in 2.5 ml 2 M sucrose-TKM buffer and centrifuged at 40 000 Â g for 2 h. Pellets containing the nuclear fraction were resuspended in 20 ml cold buffer A (10 mM HEPES, 2 mM MgCl 2 , 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM DTT, and 0.5 mM PMSF) for 20 min on ice and centrifuged at 15 000 Â g for 30 s. Pellets were then resuspended in 200 ml cold buffer B (50 mM HEPES, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 10% [v/v] glycerol, 1 mM DTT, and 0.5 mM PMSF) for 20 min on ice and centrifuged at 15 000 Â g for 5 min. Supernatants were collected, and protein concentrations were determined using a BCATM protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Nuclear extracts were stored at À80 1C.
Electrophoresis Mobility Shift Assay
The electrophoresis mobility shift assay (EMSA) method was performed to detect the binding activity of the transcription factors, NF-kB, IRF3, and IRF7, as described previously. at room temperature for 30 min. Protein-DNA complexes were separated by electrophoresis on a 7% non-denaturing polyacrylamide gel in 0.5 Â TBE buffer and visualized and quantified using an Image Analyzer FLA-3000 (Fuji Photo Film, Tokyo, Japan). Quantitative analyses of each band were performed by densitometry using Quantity One 1D analysis software (Bio-Rad Laboratories, Hercules, CA, USA).
Quantitative Real-Time PCR Analysis Total RNA was prepared with RNase-free DNase from the liver, spleen and femoral head using TRIzol reagent (Invitrogen, Tokyo, Japan) according to the manufacturer's protocol and a previous report.
14 cDNA was then synthesized from total RNA using SuperScriptTM III Reverse Transcriptase (Invitrogen) and oligo(dT)12-18 primers (Invitrogen). PCR primers were designed with Prime 3 software and are shown in Supplementary Table 1 
Biochemical Analysis
The concentrations of total cholesterol, high-density lipoprotein, triglycerides, aspartate aminotransferase (AST), alanine aminotransferase (ALT), urea nitrogen, uric acid, and creatinine in the platelet-rich plasma were measured by SPOTCHEM D-Concept (Arkray, Tokyo, Japan) according to the manufacturer's instructions.
Multiplex Cytokine Assay
The plasma concentrations of interleukin (IL)-1a, IL-1b, IL-2, IL-4, IL-6, IL-10, granulocyte macrophage colony-stimulating factor, IFN-g, and tumor necrosis factor (TNF)-a were determined using the MILLIPLEX MAP Rat Cytokine/ Chemokine Panel (Millipore, Billerica, MA, USA) and the Bio-Plex Rat Cytokine 9-Plex A Panel (Bio-Rad Laboratories) in the Luminex 100 KT01 analyzer (Luminex, Austin, TX, USA) according to the manufacturer's instructions. The plasma concentration of IFN-a was determined using an ELISA Kit (Uscn Life Science, Wuhan, China) according to the manufacturer's instructions. Novus Biologicals LLC, Littleton, CO, USA), rabbit polyclonal antibodies against Viperin (ab121042; 1:500; Abcam), or goat polyclonal antibody against TRIM21 (sc-21362; 1:800; Santa Cruz Biotechnology) overnight at 4 1C. After washing, sections were incubated with peroxidase-labeled anti-mouse or anti-rabbit secondary antibodies, as appropriate (Histofine Simplestain Rat Max PO; Nichirei, Tokyo, Japan), for 30 min at room temperature. Sections that had been incubated with the goat polyclonal antibody were incubated with a biotinylated anti-goat secondary antibody (Histofine SAB-PO; Nichirei) for 10 min and a peroxidaselabeled streptavidin for 5 min at room temperature. Peroxidase activity was detected with diaminobenzidine (Histofine DAB-3S kit; Nichirei), and sections were counterstained with hematoxylin. The level of protein accumulation was estimated as the percentage of the total counterstained area that was positively stained for the protein of interest, which was determined using Image J software (NIH, Bethesda, USA).
Statistical Analysis
Data were expressed as the mean±s.d. Statistical analyses were performed using w 2 tests, one-way ANOVAs with Dunnett's post hoc tests, or two-way ANOVAs with Bonferroni's post hoc tests. Results were considered statistically significant at P-values o0.05.
RESULTS

ONFH Characteristics 1 and 2 Weeks After Treatment
We defined osteonecrosis as the diffuse presence of empty lacunae or pyknotic nuclei of osteocytes in the bone trabeculae that were accompanied by necrosis of the surrounding bone marrow cells. 16 First, we investigated the incidence of ONFH after the last MPSL injection. Figure 1 shows the typical histopathological appearance of the femoral head by hematoxylin and eosin staining 1 week after the last injection of either MPSL or saline (a) and the incidence of ONFH (b). ONFH was observed in 2 of the 10 (20%) rats in the saline group, 4 of the 17 (23.5%) rats in the MPSL group and 1 of the 15 (6.7%) rats in the NAC after MPSL group. However, ONFH was apparent in 10 of the 18 (55.6%) rats in the MPSL þ NAC group, an incidence that was significantly higher than that observed in the MPSL group. These findings suggest that co-administration of NAC with MPSL exacerbates the development of ONFH. Fat cells accumulated in the epiphysis of the femoral head in rats treated with MPSL regardless of the presence of ONFH. There were no abnormal histological appearances in liver, spleen, and kidney in all the groups (Supplementary Figure 1S) . Figure 1c shows the plasma concentrations of IL-1b at week 1. MPSL treatment significantly decreased the levels of IL-1b. Indeed, the plasma levels of IL-1b were not detectable in the MPSL þ NAC group at week 1. These findings suggest that co-treatment of NAC with MPSL significantly suppresses the inflammatory response. The plasma concentrations of IL-1a, IL-2, IL-4, IL-6, IL-10, granulocyte macrophage colony-stimulating factor, IFN-g and TNF-a were below the limits of detection in all groups at week 1. Table 1 shows the plasma concentrations of total cholesterol, high-density lipoprotein, triglyceride, AST, and ALT at week 1. MPSL treatment significantly increased the plasma lipid levels compared with saline group. This finding was in accordance with the histopathological findings of the femoral head that fat cell accumulation was observed in the rats treated with MPSL, and suggests that MPSL treatment after LPS injection caused abnormal lipid metabolism. NAC treatment with or after MPSL injection significantly increased the plasma cholesterol level. This finding suggests that NAC treatment augments abnormal lipid metabolism induced by MPSL treatment. MPSL treatment significantly increased AST and ALT. NAC treatment after MPSL injection significantly decreased these levels, but co-treatment of NAC with MPSL did not decrease these levels. Plasma urea nitrogen, uric acid, and creatinine were normal value in all the groups, in which there were no significant differences among all the groups (data not shown). The role of TRIM21 in osteonecrosis in the femoral head K Tateda et al
Pro-Inflammatory Responses After Treatment
We hypothesized that pro-inflammatory responses immediately after treatment may contribute to the development of ONFH. Thus, we evaluated the pro-inflammatory response of rats immediately after treatment. Figure 2a shows the time course of changes in the levels of plasma IFN-a.
IFN-a levels were significantly increased by MPSL treatment after 12 h. Co-treatment of NAC with MPSL significantly decreased the IFN-a production induced by MPSL. We determined the activity of the transcriptional factors, NF-kB, IRF3 and IRF7, in the spleen and liver 3, 12 and 24 h after the last treatment. Figures 2b and c show the activity of NF-kB, The role of TRIM21 in osteonecrosis in the femoral head K Tateda et al IRF3, and IRF7 in the spleen and liver, respectively. MPSL treatment significantly decreased the activity of NF-kB, IRF3 and IRF7. Co-treatment of NAC with MPSL prolonged the significant inactivation of NF-kB for 12 h. The activities of IRF3 and IRF7 were significantly increased by MPSL treatment in the liver at 12 h, and then significantly decreased at 24 h. These findings suggest that MPSL treatment after LPS injection induces the imbalance among the activity of NF-kB, IRF3 and IRF7. Figures 3a and b show the mRNA expression of TRAF6, TRIM21, and Viperin in the spleen and femoral head, respectively. In the MPSL group, mRNA expression of TRIM21 was significantly increased in the spleen and femoral head. Co-treatment with NAC and MPSL significantly decreased the expression of TRIM21 induced by MPSL. There were no significant differences in mRNA expressions of TRAF6 and Viperin among groups. The role of TRIM21 in osteonecrosis in the femoral head K Tateda et al and was significantly increased by MPSL treatment 3 h after the last treatment (Figure 6b ). Co-treatment of NAC with MPSL significantly decreased TRIM21 expression induced by MPSL. Viperin expression was observed in the nuclei of fat cells, and the levels of Viperin expression were significantly higher in the MPSL þ NAC group when compared with the saline group (Figures 7a and b) . IFN-a expression was observed in osteoblasts and bone marrow cells and was significantly increased by NAC treatment at 12 and 24 h (Figures 8a and b) . These findings suggest that reductions in TRIM21 expression in the femoral head cause an accumulation of IFN-a, which may be associated with the development of ONFH.
mRNA Expression After Treatment
DISCUSSION
In this study, we found that co-treatment with corticosteroids and NAC exacerbate the development of ONFH in rats The role of TRIM21 in osteonecrosis in the femoral head K Tateda et al following LPS injections. Corticosteroid treatment induced TRIM21 expression in the femoral head. However, co-treatment with NAC reduced the expression of TRIM21 and increased the levels of IFN-a in the femoral head. Because IFN-a is known to induce cell death, 17 these findings suggest that reductions in TRIM21 and the accumulation of IFN-a may cause ONFH. In fact, patients with SLE and Sjögren's syndrome show autoantibodies against TRIM21 7, 8 and increased plasma levels of IFN-a. 5 Therefore, our observations in this animal model are analogous to clinical findings. The pathophysiological mechanisms underlying steroid-induced ONFH have been studied extensively and are thought to be multifactorial, but the pathogenesis of ONFH remains unclear. Previous studies have reported that hyperlipidemia, accumulation of fat cells in the bone marrow and enlargement of fat cells occur in rabbits with steroid-induced osteonecrosis, 19 In the present study, corticosteroid treatment induced hyperlipidemia and fat cell accumulation in the femoral head of rats. However, there were no significant differences in fat cell accumulation or lipid metabolism in rats with ONFH and those without ONFH. Therefore, the abnormal lipid metabolism induced by corticosteroids may have a minimal impact on the pathogenesis of ONFH.
Simultaneous treatment with NAC and corticosteroids resulted in an increased development of ONFH following LPS injections. However, the administration of NAC after corticosteroid treatment did not increase the incidence of ONFH. These findings were contradictory to each other. LPS induces the activation of NF-kB via TLR4 signaling. 20 NAC suppresses the activity of NF-kB induced by LPS. 21, 22 It has been reported that reactive oxidative species is a transmitter between TNF-a and NF-kB. 23 Therefore, other antioxidants may cause the same effects as NAC. Corticosteroids interfere with the transcriptional activity of NF-kB. 24, 25 Indeed, our finding of reduced levels of circulating IL-1b suggests the inhibition of NF-kB (Figure 1c) . Corticosteroid treatment significantly decreased NF-kB activity in the spleen and liver immediately after treatment (Figures 2b and c) . Co-treatment with NAC and corticosteroids resulted in a prolonged inactivation of NF-kB in the spleen (Figure 2b) . Recently, it has been reported that glucocorticoids suppress the nuclear translocation of IRF3 and the production of type I IFN induced by Poly (I:C), a ligand of TLR3, but do not alter the LPS-induced elevation of nuclear IRF3 or the enhancement of IFN-b secretion by macrophages. 26 In this study, the activity of IRF3 and IRF7 in the liver and the plasma levels of IFN-a were increased transiently 12 h after corticosteroid treatment, but co-treatment with NAC resulted in a suppression of plasma IFN-a levels ( Figure 2 ). These findings suggest that an imbalance between the activity of NF-kB and the activity of IRF3 and IRF7 occurs in response to corticosteroid treatment. We then focused on the potential role of TRIM21 in mediating this imbalance. NAC treatment decreased the expression of TRIM21 (Figures 4b and 6 ) and increased the expression of IFN-a in the femoral head ( Figure  8 ) when compared with corticosteroid alone. Yang et al 27 reported that TRIM21 increases the stability of IRF3 and enhances the induction of type I IFN. In contrast, Higgs et al 28 reported that TRIM21 interacts with IRF3 to promote the ubiquitination and degradation of IRF3 and limit IFN-a induction downstream of TLR3, TLR4, and RIG-I. It has also been reported that the expression of TRIM21 is inhibited by NAC in a concentration-dependent manner. 29 In addition, we show here that the number of CD45R-expressing cells is decreased by corticosteroid treatment (Figure 4) , which may result from the induction of IFN-a. Viperin expression was significantly increased in the femoral bone marrow after cotreatment with NAC and corticosteroids when compared with the saline group (Figure 7) . Viperin promoted the TLR7-and TLR9-mediated production of type I IFN by pDCs, 12 a result that indicates that Viperin expression may induce IFN-a. Therefore, these findings suggest that the induction of Viperin and the suppression of TRIM21 expression may cause the sequential augmentation of IFN-a expression, ultimately leading to the development of ONFH.
In conclusion, we found that simultaneous treatment of NAC and corticosteroid following LPS injections increases the development of ONFH in rats. This combined treatment immediately suppressed TRIM21 expression and subsequently induced IFN-a expression in the femoral head. These proteins may be potential novel targets for preventive manipulation.
